Introduction {#s1}
============

The extracellular matrix (ECM) has emerged as a pivotal component in cellular signaling either through direct interaction with cell-surface receptors or through the ability to regulate growth factor bioavailability. Microfibrils are abundant ECM components that impart strength to tissues and provide instructional signals that affect cellular differentiation and function ([@B1]--[@B4]). These multiprotein filaments appear in early development and are found in almost all tissues. The core components are the fibrillins, which are encoded by three genes in humans (*FBN1*,*FBN2*, and *FBN3*) but only two functional genes in mice (*Fbn1* and *Fbn2*). In the mouse, combined deficiency of fibrillin-1 and fibrillin-2 results in embryonic death, demonstrating that microfibrils are required for normal development and survival ([@B5]). In vertebrates, microfibril-associated glycoprotein (MAGP) 1 and MAGP2 associate with fibrillin to create the functional form of the fiber ([@B6],[@B7]). Unlike the fibrillins, which form the structural core of microfibrils, the MAGPs are modifiers of microfibril function, and not key structural elements.

A crucial function of microfibrils is their regulation of growth factor activity, particularly growth factors of the transforming growth factor-β (TGF-β) family ([@B8]). The fibrillins covalently bind the large latent complex form of TGF-β, and there is evidence that the pathomechanism associated with fibrillin-1 mutations (e.g., Marfan syndrome) is excess TGF-β activity that is due to an inability to sequester latent TGF-β in the ECM ([@B8]). The MAGPs also interact with TGF-β but bind the active, not latent, form of the growth factor ([@B9]). Mice lacking MAGP1 have phenotypes consistent with altered TGF-β activity, but they do not always overlap with those associated with fibrillin mutations, which is indicative of both overlapping and distinct functions of the two proteins ([@B9]--[@B12]). The generation of the MAGP1-deficient (*Mfap2*^−/−^) mouse, which has no defect in microfibril formation, provides a model to study the two distinct functions of the microfibril: providing mechanical stability to the tissue and regulation of cell signaling pathways.

One phenotype that shows complete penetrance in *Mfap2*^−/−^ mice is increased adiposity. This characteristic is particularly interesting in light of studies associating obesity traits in humans to a locus on chromosome 1p36 that includes the gene for MAGP1 (*MFAP2*) ([@B13]--[@B15]). Further, it has been proposed that excess TGF-β is involved in the pathogenesis of metabolic diseases like obesity and diabetes ([@B16]). In humans, TGF-β1 levels in both adipose tissue and plasma positively correlate with BMI, and elevated TGF-β1 level is a risk factor for type 2 diabetes ([@B17]--[@B19]). TGF-β has pleiotropic effects on metabolic function, and, in mice, inhibiting TGF-β is protective against diet-induced obesity and diabetes ([@B19]). As reviewed by Tan et al. ([@B16]), TGF-β inhibits peroxisome proliferator--activated receptor γ coactivator (PGC-1α) and uncoupling protein-1 (UCP-1), which are necessary for uncoupling respiration for heat production, and inhibits the phenotypic transition of white adipocytes to brown. The result is reduced energy expenditure and excess lipid storage. Excess TGF-β in obesity facilitates the development of metabolic syndrome by promoting inflammation and fibrosis, which impairs adipose tissue, liver, and pancreatic function.

Given the importance of the microfibril in regulating TGF-β activity, the purpose of the current study was to explore whether the increased adiposity and changes in metabolic function in *Mfap2*^−/−^ mice result from altered TGF-β activity. Here we show that *Mfap2*^−/−^ mice have changes in metabolic function that lead to increased adipocyte size, ectopic lipid accumulation, and insulin resistance. These changes occur secondary to reduced energy expenditure (i.e., impaired thermogenesis) associated with TGF-β--mediated suppression of *Ppargc1α* (PGC-1α) and *Ucp-1*. Treating *Mfap2*^−/−^ mice with a TGF-β neutralizing antibody improved body temperature and prevented excess adiposity. Our findings establish the importance of the ECM component MAGP1 in regulating metabolic pathways associated with obesity, and identify a mechanism whereby the potent effects of TGF-β on intracellular metabolic pathways are regulated by the microenvironment.

Research Design and Methods {#s2}
===========================

Animals and Diets {#s3}
-----------------

Generation and genotyping of *Mfap2*^−^*^/^*^−^ mice has been described ([@B9]). All mice used in this study were males on the C57BL/6 background (The Jackson Laboratory, Bar Harbor, ME), were housed in a pathogen-free animal facility, and were fed standard or high-fat chow ad libitum. For caloric intake studies, food consumption of individually housed mice was measured over a consecutive 7-day period. For high-fat diet (HFD) studies, mice were placed on high-fat or control chow for 16 weeks (D12492 \[HFD, 60% fat\] and D12450B \[control 10% fat\]; Research Diets, Inc., New Brunswick, NJ). For the neutralizing anti-TGF-β antibody (α-TGF-β) treatment study, mice received intraperitoneal injections of α-TGF-β (clone 1D11) or control IgG-I (clone 11711) three times per week for 5 weeks. Antibodies were purchased from R&D Systems (Minneapolis, MN), dissolved in sterile PBS, and delivered at a dose of 1.5 mg/kg. Mice described as "adults" were 5--6 months old, while "young" mice were 5--7 weeks old.

Body Composition, Activity, Glucose Tolerance, and Blood Parameters {#s4}
-------------------------------------------------------------------

Lean (protein) and fat (lipid) mass was determined on mice and tissue samples using an EchoMRI 3-in-1 model instrument (Echo Medical Systems, Houston, TX). Whole-body fat was also determined by dual-energy X-ray absorptiometry (PIXImus; GE Lunar, Fitchburg, WI) as described by Craft et al. ([@B11]). The activity of individual mice was quantified over a 24-h period using an infrared motion sensor (InfraMot apparatus; TSE Systems, Midland, MI) as previously described ([@B20]). The first 4 h of data (acclimation period) were not included in the analysis. For glucose tolerance tests (GTTs), mice were fasted overnight prior to a 1--2 g/kg dextrose injection. For insulin sensitivity tests (ITTs), mice were fasted 6 h prior to 0.75 units/kg Humulin-R insulin injection (Lilly, Indianapolis, IN). Contour meters (Bayer, Whippany, NJ) measured tail blood glucose concentration. Serum insulin concentration following 1 g/kg dextrose injection was determined using an Erenna digital single molecule counting platform (Singulex, St. Louis, MO). Triglyceride level and cholesterol concentration were determined as previously described ([@B21],[@B22]). Serum leptin was assayed by ELISA using commercial reagents (CrystalChem, Downers Grove, IL).

Adipocyte Size and Number {#s5}
-------------------------

Adipocyte size and number was measured as previously described ([@B23]). Briefly, 50 mg of epididymal white adipose tissue (WAT) was fixed in a 0.2 mol/L collidine HCl/31 mg/mL osmium tetraoxide solution and dissociated in a solution containing 8 mol/L urea and 154 mmol/L NaCl. Samples were then analyzed on a Multisizer-3 (Beckman Coulter, Fullerton, CA) using a 400-m aperture (dynamic linear range 12--320 m). The total adipocyte number was determined for the amount of the sample analyzed (cells per milligram of tissue) then corrected for the total mass of the fat pad.

Lipolysis and Lipid Uptake {#s6}
--------------------------

Assays were performed on explants of epididymal fat pads with intact ECM. Lipolysis was determined by glycerol release following 200 nmol/L isoproterenol treatment, using the Sigma free glycerol reagent, as described previously ([@B24]). For lipid uptake, fat pads were treated with 250 μmol/L tritiated oleic acid, with and without 10 nmol/L insulin. After incubation, fat pads were washed and homogenized in 0.1 mol/L NaOH, and radioactivity was determined using a Beckman LS6000SC scintillation counter ([@B25]).

Quantitative RT-PCR {#s7}
-------------------

RNA was extracted from tissue with TRIzol reagent (Invitrogen, Grand Island, NY) and RNeasy columns (Qiagen, Valencia, CA). For mouse analyses, RNA was reverse-transcribed using the Applied Biosystems (Grand Island, NY) cDNA-to-RNA reverse transcription kit, and then quantitative PCR (qPCR) was performed using a TaqMan Universal PCR Master Mix reagent kit (Applied Biosystems). For human studies, RNA was reverse transcribed using the Invitrogen VILO cDNA synthesis system, and qPCR was performed using SYBR green. For normalization, coamplification of the mRNA for the ribosomal protein 36B4 (mouse and human) and cyclophilin-A (mouse) was performed.

Histology {#s8}
---------

Tissue was fixed in 10% buffered formalin for 16 h, dehydrated via an ethanol gradient, and stored in 70% ethanol prior to paraffin embedding. MAGP1 expression was determined by incubating tissue sections with anti-MAGP1 antibody. Inflammation and ECM deposition were evaluated by incubating tissue sections with anti-MAC-3 antibody or trichrome stain.

Energy Expenditure {#s9}
------------------

Mouse body temperature was determined by rectal probe thermometer. Adaptive thermogenesis was evaluated by 6- to 8-h cold challenge. Baseline body temperature was determined, then mice were placed in prechilled cages at 4°C. Metabolic rate was determined by indirect calorimetry. Mice were placed in a Columbus Instruments (Columbus, OH) Oxymax chamber for 24 h, with free access to food and water, at ambient temperature, and with a normal light/dark cycle. The first 4 h of data recording were considered acclimation time. Energy expenditure (Heat) was determined using the following equation: Heat = \[3.815 + 1.232(*V*[CO]{.smallcaps}~2~/*V*[O]{.smallcaps}~2~)\] × *V*[O]{.smallcaps}~2~ × body weight.

Mitochondrial Content {#s10}
---------------------

DNA was purified from brown adipose tissue (BAT) or subcutaneous WAT (scWAT) using DNeasy Blood and Tissue kit (Qiagen). qPCR was performed using Syber Green (Applied Biosystems) and primers specific for nuclear (*H19*) or mitochondrial DNA (*CytB*,*ND1*). Mitochondrial content was calculated as the ratio of mitochondrial DNA to nuclear DNA.

Human Subjects {#s11}
--------------

Subcutaneous abdominal adipose tissue samples were obtained by percutaneous biopsy from 21 obese (BMI \[mean ± SD\] 40.9 ± 8.0 kg/m^2^) and 9 lean (BMI 22.7 ± 1.9 kg/m^2^) men and women, after subjects fasted for ∼12 h overnight, as described previously ([@B26]). No subject had any history or evidence of serious disease, took medications that can affect metabolism or the immune system, or had diabetes.

Study Approval {#s12}
--------------

All animals were treated following animal protocols approved by the Washington University Animal Studies Committee. For human studies, subjects gave their written informed consent before participating in the study, which was approved by the Washington University Human Research Protection Office.

Results {#s13}
=======

MAGP1 Deficiency Causes Excess Adiposity and Metabolic Dysfunction {#s14}
------------------------------------------------------------------

MAGP1 transcript was detectable in the adipose tissue of mice ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1604/-/DC1)), and deletion of MAGP1 in mice fed a standard chow diet resulted in significantly increased adipose tissue mass (*Mfap2*^−^*^/^*^−^ relative to WT mice; [Fig. 1*A* and *B*](#F1){ref-type="fig"}). Although lean mass was unchanged in adult *Mfap2*^−/−^ animals, whole-body mass was proportionately increased relative to wild-type (WT) controls ([Fig. 1*B* and *C*](#F1){ref-type="fig"}). Elevated whole-body adiposity in *Mfap2*^−/−^ mice was detectable by ∼10 weeks of age ([Fig. 1*D*](#F1){ref-type="fig"}). As expected with increased adiposity, serum leptin and WAT leptin expression were increased in *Mfap2*^−/−^ mice ([Table 1](#T1){ref-type="table"}).

![MAGP1 deficiency causes excess adiposity in mice. *A*: *Mfap2*^−^*^/^*^−^ mice have significantly more WAT. Mass and differential volume (photo) of epididymal fat pads from 5-month-old WT and *Mfap2*^−^*^/^*^−^ mice (mean ± SEM; *n* = 9 and 8). *B*: Whole-body fat and lean content determined by EchoMRI on 5-month-old mice (mean ± SEM; *n* = 9 and 8). *C*: Body weight of 5-month-old mice (mean ± SEM.; *n* = 9 and 8). *D*: Increased adiposity due to MAGP1 deletion is apparent by 9--10 weeks of age. Longitudinal EchoMRI study of whole-body adiposity from 5 to 15 weeks of age (mean ± SEM; *n* = 10 and 8). *E*: Daily food consumption was measured in 7-week-old mice, prior to changes in adiposity. Food intake was determined per mouse over 7 days (mean ± SEM; *n* = 5 and 5). *F*: Infrared-based activity measured during light (day) and dark (night) cycles (mean ± SEM; *n* = 9 and 8). Student *t* test was used for single comparisons (\**P* ≤ 0.05). RU, relative units.](1920fig1){#F1}

###### 

Body composition, biochemical, and hormonal characteristics (5-month-old male mice, *n* = 5--10)

![](1920tbl1)

Excess adiposity in *Mfap2*^−^*^/^*^−^ mice was the direct consequence of MAGP1 deficiency as MAGP2 and fibrillin-1 transcript expression was normal in the WAT of these animals ([Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1604/-/DC1)). MAGP1 deficiency in the outbred Black Swiss mouse strain also resulted in increased adiposity ([Supplementary Fig. 1*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1604/-/DC1)), indicating that MAGP1 deficiency, and not genetic background, was the major determinant of fat overgrowth in these animals. Finally, excess adiposity in *Mfap2*^−^*^/^*^−^ mice was not preceded by either increased caloric intake or reduced ambulatory activity ([Fig. 1*E* and *F*](#F1){ref-type="fig"}).

Expansion of adipose tissue in *Mfap2*^−/−^ animals was associated with poor metabolic health. *Mfap2*^−/−^ mice had elevated serum triacylglycerol (TAG), tissue TAG, and serum cholesterol levels when compared with WT mice ([Table 1](#T1){ref-type="table"}). GTT results demonstrated that adult *Mfap2*^−/−^ mice, when fed standard chow diet, had impaired glucose clearance leading to elevated blood glucose levels; and ITT results revealed reduced insulin sensitivity ([Fig. 2*A*](#F2){ref-type="fig"}). *Mfap2*^−/−^ mice were also more susceptible to the adverse metabolic effects of HFD. WT and *Mfap2*^−/−^ mice show significant weight gain on the HFD; however, *Mfap2*^−/−^ mice maintain their elevated adiposity compared with WT mice ([Fig. 2*B*](#F2){ref-type="fig"}). Hyperglycemia, hyperinsulinemia, and insulin resistance were significantly accentuated in *Mfap2*^−/−^ mice relative to WT animals fed HFD for 12 weeks ([Fig. 2*C*--*E*](#F2){ref-type="fig"}). Further, ectopic lipid accumulation in the liver was substantially elevated in the knock-out animals compared with WT mice fed HFD for 14 weeks ([Fig. 2*F*](#F2){ref-type="fig"}). These data demonstrate that the absence of MAGP1 predisposes mice to hyperlipidemia, hyperglycemia, hyperinsulinemia, ectopic lipid accumulation, and impaired glucose metabolism, suggesting that MAGP1 serves a protective role against metabolic disease.

![Adipose tissue expansion in *Mfap2*^−/−^ mice is associated with metabolic dysfunction. *A*: GTT and ITT results in 5- to 6-month-old mice, following 12-h overnight fast and 1 g/kg dextrose injection or 6-h fast and 0.75 units/kg insulin injection (*n* = 7--10). *B*: High-fat feeding exacerbates the metabolic dysfunction associated with MAGP1 deficiency. Whole-body fat content in response to control chow and HFD (60% fat) was determined by EchoMRI (mean ± SEM; *n* = 8--10). *C*: 6-h fast blood glucose levels in WT and *Mfap2*^−^*^/^*^−^ (−/−) mice fed chow or HFD for 12 weeks (mean ± SEM; *n* = 8--10). *D*: Serum insulin concentration in response to 1 g/kg dextrose injection; WT and *Mfap2*^−^*^/^*^−^ mice were fed chow or HFD for 12 weeks (mean ± SEM; *n* = 7--10). *E*: ITT results following 6-h fast and 0.75 units/kg insulin injection in WT and *Mfap2*^−^*^/^*^−^ mice consuming chow or HFD for 13 weeks (*n* = 8--10 per group). *F*: Ectopic lipid accumulation is enhanced in MAGP1-deficient tissue. Biopsy EchoMRI and histology (hematoxylin-eosin; scale bar 400 μm) was performed on liver from WT and *Mfap2*^−/−^ mice that consumed HFD for 14 weeks (mean ± SEM; *n* = 5--6). Student *t* test was used for single comparisons, \**P* \< 0.05.](1920fig2){#F2}

*Mfap2*^−^*^/^*^−^ Adipocytes Are Hypertrophic {#s15}
----------------------------------------------

Adipocyte number and size were evaluated in standard chow-fed WT and *Mfap2*^−^*^/^*^−^ mice. Adipocyte number was normal in *Mfap2*^−/−^ WAT; however, adipocyte volume was increased. Cell number was calculated by normalizing the number of cells per milligram of digested tissue to total fat pad mass ([Fig. 3*A*](#F3){ref-type="fig"}). Adipocyte sizing analysis of *Mfap2*^−/−^ WAT revealed that there were more cells with diameters between 20 and 50 μm, fewer cells with diameters in the range of 60--100 μm, and more cells \>100 μm in diameter compared with control animals ([Fig. 3*B*](#F3){ref-type="fig"}). As a result, the separation between the populations of small (25--50 μm) and large (60--100 μm) adipocytes, which was well-delineated in WT tissue, was less so in *Mfap2*^−/−^ WAT. Histological assessment supported larger adipocyte volume in the WAT of *Mfap2*^−^*^/^*^−^ mice ([Fig. 3*C*](#F3){ref-type="fig"}).

![Lipid storage is enhanced in *Mfap2*^−/−^ WAT. *A*: Total adipocyte number in epididymal WAT (mean \[±SEM\] number of adipocytes per milligram of tissue multiplied by total fat pad mass; *n* = 5). *B*: White adipocyte size distribution was determined using a Beckman Multisizer, and lines represent the average of all samples (*left*). The distribution curves were used to determine the average volume of small and large adipocytes (*right*) (mean ± SEM; *n* = 10 and 8). *C*: A pictomicrograph of epididymal WAT from 5-month-old WT and *Mfap2*^−/−^ mice (scale bar 100 μm; image color was inverted to accentuate adipocyte cell borders). *D* and *F*: FA uptake, not lipolysis, is enhanced in *Mfap2*^−/−^ WAT. Assays were performed on intact WAT explants. *D*: FA uptake, determined by the uptake of tritiated oleic acid, in the presence/absence of 10 μmol/L insulin (mean ± SEM; *n* = 5--6). *F*: Lipolysis, determined by glycerol release following the addition of 10 μmol/L isoproterenol (mean ± SEM; *n* = 4--5). *E* and *G*: Differential expression of lipid metabolism--associated genes in *Mfap2*^−/−^ muscle tissue. qPCR was performed on RNA extracted from the muscle of WT and *Mfap2*^−/−^ mice fed control chow or HFD (mean ± SEM; *n* = 5 and 6). Gene targets included the following: *Lpl* (lipoprotein lipase), *Cd36* (FA translocase), *Plin5* (perilipin 5), *Plin2* (perilipin 2, adipose differentiation-related protein \[ADFP\]), *Dgat2* (diacylglycerol acyltransferase 2), *Cpt1b* (carnitine palmitoyl transferase 1b), *Pparα*, *Pparδ*, *Ppargc1α* (PGC-1α, PPARγ coactivator 1 α), and *Ucp-3*. The Student *t* test was used for single comparisons (\**P* ≤ 0.05). Lg, large; Sm, small; vol, volume.](1920fig3){#F3}

To elucidate the underlying mechanisms for excess lipid content in chow-fed *Mfap2*^−/−^ mice, the rates of fatty acid (FA) uptake and lipolysis were evaluated. Because MAGP1 is an ECM protein, these functional assays were performed on minced WAT with intact ECM. Stimulation of FA uptake by insulin was evident in WT WAT ([Fig. 3*D*](#F3){ref-type="fig"}). Basal FA uptake in *Mfap2*^−/−^ WAT was elevated and did not respond to stimulation by 10 μmol/L insulin as observed in WT tissue, indicating abnormal FA uptake in *Mfap2*^−^*^/^*^−^ animals ([Fig. 3*D*](#F3){ref-type="fig"}). Altered regulation of FA metabolism was then demonstrated in muscle, the major energy-using tissue, using qPCR analysis of key lipid uptake/storage genes. HFD feeding in mice induced the expression of *Lpl*, *Cd36*, *Plin5*, *Plin2* (*Adfp*), and *Dgat2* in both WT and *Mfap2*^−/−^ cohorts. MAGP1 deficiency accentuates the expression of these genes ([Fig. 3*E*](#F3){ref-type="fig"}). In contrast to FA uptake, lipolysis in response to isoproterenol was normal in *Mfap2*^−/−^ WAT ([Fig. 3*F*](#F3){ref-type="fig"}). Further, the expression of genes that support lipid catabolism (*Cpt1b*, *Pparα*, and *Pparδ*) was not different in *Mfap2*^−^*^/^*^−^ tissue when compared with changes seen in WT controls ([Fig. 3*G*](#F3){ref-type="fig"}).

Interestingly, expression of *Ppargc1α* (PGC-1α) and *Ucp-3*, genes important to mitochondrial uncoupling, was significantly decreased in *Mfap2*^−/−^ muscle ([Fig. 3*G*](#F3){ref-type="fig"}). These results suggest that MAGP1 deficiency results in a defect in energy utilization and that this defect leads to excess lipid storage and adipocyte hypertrophy.

Reduced Heat Production in *Mfap2*^−^*^/^*^−^ Mice {#s16}
--------------------------------------------------

WAT specializes in lipid storage, while the primary function of BAT is using FAs for heat production ([@B27],[@B28]). To determine whether MAGP1 deficiency influences BAT function, we analyzed BAT composition and thermoregulation. On standard chow, *Mfap2*^−^*^/^*^−^ mice had increased BAT mass due to increased lipid accumulation ([Fig. 4*A* and *B*](#F4){ref-type="fig"}). The HFD increased both BAT mass and lipid content in WT animals, and accentuated the increased lipid content in *Mfap2*^−/−^ BAT ([Fig. 4*A* and *B*](#F4){ref-type="fig"}).

![Impaired heat production in *Mfap2*^−/−^ mice. *A*: BAT mass is elevated in adult WT and *Mfap2*^−^*^/^*^−^ mice fed either control chow or HFD for 16 weeks (mean ± SEM; *n* = 7 and 10). *B*: Increased BAT mass is due to increased lipid content. BAT lipid-to-protein ratio was determined by biopsy samples obtained using the EchoMRI (mean ± SEM; *n* = 5 and 6). *C*: Rectal temperatures of adult mice during the day (12:00 [p.m.]{.smallcaps}) and night (12:00 [a.m.]{.smallcaps}) (mean ± SEM; *n* = 5 and 6). *D*: Rectal body temperature in adult mice during a 4°C cold challenge (mean ± SEM; *n* = 4 and 5). *E*: qPCR of thermogenesis-related genes in BAT from adult mice kept at room temperature (RT) or 4°C for 6 h. Data represent the averages of samples from two independent studies (mean ± SEM; *n* = 7). \**P* ≤ 0.05.](1920fig4){#F4}

Measurement of body temperature during light and dark cycles found that *Mfap2*^−/−^ mice had reduced body temperature relative to control animals during both periods ([Fig. 4*C*](#F4){ref-type="fig"}). To further characterize BAT functionality, adaptive thermogenesis was evaluated by exposing the mice to 4°C temperature for 6 h. Both WT and *Mfap2*^−/−^ mice exhibited reduced body temperatures during cold exposure. However, *Mfap2*^−/−^ animals had significantly greater body temperature loss ([Fig. 4*D*](#F4){ref-type="fig"}). In agreement with the altered thermoregulation, *Mfap2*^−/−^ mice were not as efficient as WT mice in upregulating expression of the BAT-associated genes *Ppargc1α* (PGC-1α) and *Ucp-1* following cold exposure ([Fig. 4*E*](#F4){ref-type="fig"}).

To investigate whether impaired thermoregulation accounts for the excess adiposity of *Mfap2*^−^*^/^*^−^ mice, thermoregulation was evaluated in young *Mfap2*^−/−^ mice at an age (4--6 weeks old) before excess lipid accumulation was detectable. At 1 month, *Mfap2*^−/−^ mice had no change in whole-body adiposity, but at 5 months these mice had a significant increase in adiposity relative to WT mice ([Fig. 5*A*](#F5){ref-type="fig"}). At 1 month, the same *Mfap2*^−/−^ mice had reduced body temperature relative to WT mice, and this phenotype was maintained at 5 months ([Fig. 5*A*](#F5){ref-type="fig"}). Data from indirect calorimetry demonstrated a trend toward reduced energy expenditure in *Mfap2*^−/−^ mice compared with WT mice, but the differences were not statistically significant ([Fig. 5*B*](#F5){ref-type="fig"}). Young *Mfap2*^−/−^ mice were also maladaptive to 4°C cold challenge ([Fig. 5*C*](#F5){ref-type="fig"}). Lipid content in *Mfap2*^−/−^ BAT appeared slightly elevated by histology ([Fig. 5*D*](#F5){ref-type="fig"}), and, similar to adult mice, young *Mfap2*^−/−^ mice had reduced BAT expression of *Ucp-1* ([Fig. 5*E*](#F5){ref-type="fig"}). Interestingly, *Mfap2*^−/−^ mice had reduced thermogenesis and *Ucp-1* expression despite having no significant difference in mitochondrial content ([Fig. 5*F*](#F5){ref-type="fig"}).

![Increased adiposity in *Mfap2*^−/−^ mice is preceded by impaired energy expenditure (EE). *A*: Longitudinal comparison of adiposity (*left*) and temperature (*right*). Adiposity (EchoMRI) and rectal temperature were determined at 1 month, then at 5 months of age (mean ± SEM; *n* = 8--10). *B*: EE was determined by indirect calorimetry in mice that were ∼7 weeks old. *B*, *Left*: Heat production (presented as EE) curves represent the average of 3 WT or 4 *Mfap2*^−^*^/^*^−^ experimental groups, where each group consisted of 3--4 mice. *B*, *Right*: EE is presented as the daytime (1:00--7:00 [p.m.]{.smallcaps}) and nighttime (8:00 [p.m.]{.smallcaps} to 7:00 [a.m.]{.smallcaps}) values. *C*: Rectal temperature in young (6 week) mice during 4°C cold challenge (mean ± SEM; *n* = 5). *D*: Hematoxylin-eosin--stained BAT sections from 6-week-old WT and *Mfap2*^−^*^/^*^−^ mice (scale bar 100 μm). *E*: Transcript expression of *Ucp-1* in the BAT of 6-week-old WT and *Mfap2*^−/−^ mice (qPCR, mean ± SEM; *n* = 5). *F*: Normal mitochondrial copy number in *Mfap2*^−^*^/^*^−^ BAT. Copy number is ratio of mitochondrial (Cytb, Nd1) to nuclear (H19) DNA (qPCR, mean ± SEM; *n* = 4). *G*: Hematoxylin-eosin--stained scWAT sections from 6-week-old WT and *Mfap2*^−^*^/^*^−^ mice (scale bar 100 μm). *H*: PGC-1α and *Ucp-1* transcript expression in scWAT from ∼6-week-old mice during an 8-h cold challenge (mean ± SEM; *n* = 3--5 per genotype per time point). *I*: Normal mitochondrial copy number in *Mfap2*^−^*^/^*^−^ scWAT. The copy number is the ratio of mitochondrial (*Cytb*, cytochrome b; *Nd1*, NADH dehydrogenase subunit 1) to nuclear (*H19*) DNA (qPCR, mean ± SEM; *n* = 3--5). The Student *t* test was used for single comparisons (\**P* ≤ 0.05). Rel mito, relative mitochondrial; RT, room temperature.](1920fig5){#F5}

While mouse gonadal WAT had little-to-no expression of thermogenic genes such as *Ucp-1*, scWAT has thermogenic potential through a process termed "adipocyte browning" ([@B29]). Because activating the PGC-1α/UCP-1 pathway in mouse scWAT is protective against diet-induced diabetes ([@B29]--[@B31]), adipocyte browning was explored in the scWAT of *Mfap2*^−/−^ mice. By histology, *Mfap2*^−/−^ scWAT appeared to have elevated lipid content and fewer clusters of multilocular adipocytes ([Fig. 5*G*](#F5){ref-type="fig"}). Cold challenge induced adipocyte browning and expression of *Ppargc1α* (PGC-1α) and *Ucp-1* in WT scWAT; however, this response was significantly blunted in *Mfap2*^−/−^ scWAT ([Fig. 5*H*](#F5){ref-type="fig"}). Reduced *Ppargc1α* (PGC-1α) and *Ucp-1* expression was not due to a failure in mitochondrial biogenesis as mitochondrial content was increased appropriately in *Mfap2*^−/−^ scWAT following cold exposure ([Fig. 5*I*](#F5){ref-type="fig"}). These studies indicated that MAGP1 deficiency suppressed the acquisition of brown fat features in white fat, and further support a model where adiposity was increased in *Mfap2*^−/−^ mice because of reduced energy expenditure in the form of heat production.

Neutralizing TGF-β Activity Resolves *Mfap2*^−^*^/^*^−^ Phenotypes {#s17}
------------------------------------------------------------------

Microfibrils facilitate storage of TGF-β family growth factors in the ECM ([@B8],[@B32]), and we have shown that MAGP1 functionally interacts with TGF-β ([@B9],[@B10]). Because TGF-β impairs thermogenesis while supporting WAT expansion and insulin resistance ([@B16]), aberrant TGF-β activity was investigated as the mechanism underlying the metabolic phenotypes in *Mfap2*^−/−^ mice. Shown in [Fig. 6*A*](#F6){ref-type="fig"}, loss of MAGP1 resulted in a significant increase in TGF-β activity in WAT, as assessed by Smad-2 phosphorylation. TGF-β contributes to the pathogenesis of obesity and metabolic syndrome by stimulating fibrosis and inflammation ([@B16]). [Figure 6*B*](#F6){ref-type="fig"} shows that expression of the major collagens associated with the fibrotic response, collagen-1 and collagen-3, were elevated by HFD in both WT and *Mfap2*^−/−^ WAT. However, this elevation was exaggerated in the *Mfap2*^−/−^ tissue. Trichrome staining provided further support for increased collagen deposition in HFD-fed *Mfap2*^−/−^ WAT versus WT cohorts. HFD feeding also induced expression of macrophage-associated genes in WT WAT ([Fig. 6*C*](#F6){ref-type="fig"}). As predicted, the expression of these inflammatory genes was significantly higher in the *Mfap2*^−/−^ WAT. Increased macrophage infiltration into *Mfap2*^−/−^ WAT relative to WT WAT following HFD feeding was supported by anti-Mac3 immunohistochemistry ([Fig. 6*C*](#F6){ref-type="fig"}). These data show that MAGP1 regulates TGF-β signaling and TGF-β--dependent processes in adipose tissue.

![Abberrent TGF-β activity causes impaired thermoregulation and excess adiposity in *Mfap2*^−^*^/^*^−^ mice. *A*: Immunoblot of WAT lysate using antibodies to phosphorylated Smad-2 (p-Smad2), total Smad2 (t-Smad2), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Shown are lysates from 2 mice per genotype. *B* and *C*: WAT from mice on chow or HFD for 16 weeks. *B*: ECM deposition in WAT was assessed by qPCR of collagen-1 (*Col1*) and collagen-3 (*Col3*) and by trichrome staining of tissue. *C*: WAT macrophage infiltration was assessed by qPCR of macrophage-associated genes (*Tnfα* \[tumor necrosis factor-α\], *Il-6*\[interleukin-6\], *Itgax* \[CD11c\], *Arg1* \[arginase-1\], and *Il-10* \[interleukin-10\]), and immunohistochemistry using an anti-MAC-3 antibody. *B* and *C*: Bar graphs are presented as mean ± SEM (*n* = 5 and 6 for qPCR). Scale bars 100 μm. *D* and *E*: α-TGF-β treatment prevents excess adiposity and improves body temperature in *Mfap2*^−^*^/^*^−^ (−/−) mice. Adiposity (EchoMRI) and rectal temperature were determined before (*D*) and after (*E*) 5 weeks of treatment with control IgG or α-TGF-β (mean ± SEM; *n* = 4 and 5 per treatment group). \**P* ≤ 0.05.](1920fig6){#F6}

To determine whether dysregulation of TGF-β was responsible for the reduced thermogenesis and increased adiposity in standard chow--fed *Mfap2*^−^*^/^*^−^ mice, WT and *Mfap2*^−^*^/^*^−^ mice were treated with a neutralizing α-TGF-β antibody or control IgG. Before treatment, 8-week-old *Mfap2*^−^*^/^*^−^ mice had reduced body temperature, but there was no difference in adiposity compared with WT mice ([Fig. 6*D*](#F6){ref-type="fig"}). Five weeks of IgG treatment failed to prevent the increase in adiposity seen in *Mfap2*^−^*^/^*^−^ mice. However, adiposity in *Mfap2*^−^*^/^*^−^ mice treated with the α-TGF-β was not significantly different from WT mice ([Fig. 6*E*](#F6){ref-type="fig"}). Importantly, treatment with the α-TGF-β antibody resulted in elevated body temperatures of *Mfap2*^−^*^/^*^−^ mice to near WT levels ([Fig. 6*E*](#F6){ref-type="fig"}). Thus, MAGP1 supports energy expenditure and protects against excess lipid accumulation by regulating the availability of TGF-β.

MAGP1 Expression in Obese Humans {#s18}
--------------------------------

To investigate the relationship among TGF-β, MAGP1, and obesity in humans, we measured TGF-β1 (*TGF-B1*) and MAGP1 (*MFAP2*) gene expression in scWAT from 30 individuals with varying BMI values. WAT expression of TGF-β1 positively correlated with obesity ([Fig. 7*A*](#F7){ref-type="fig"}), a finding substantiated by other laboratories ([@B17],[@B19]). MAGP1 expression was also elevated in individuals with excess adiposity, and statistical significance was reached when comparing individuals considered to be normal weight (BMI \<25 kg/m^2^) to overweight-obese individuals (BMI \>25 kg/m^2^) ([Fig. 7*B* and *C*](#F7){ref-type="fig"}). Similar to human WAT, the MAGP1 transcript was significantly elevated in the WAT of obese mice, following HFD feeding ([Fig. 7*D*](#F7){ref-type="fig"}). Immunohistochemistry using an anti-MAGP1 antibody supported increased MAGP1 expression in WAT during metabolic challenge. HFD feeding in mice did not alter the expression of the microfibril molecules MAGP2 or fibrillin-1.

![MAGP1 correlates with TGF-β1 expression in obese humans. *A*--*C*: TGF-β1 and MAGP1 transcript expression in human scWAT was determined and compared with each other and the individual's BMI. qPCR was used to determine TGF-β1 (*TGFB1*) and MAGP1 (*MFAP2*) expression in human scWAT (*n* = 29). *A* and *B*: TGF-β1 expression in WAT positively correlates with BMI and MAGP1 expression. *C*: Human *MFAP2* (MAGP1) transcript expression was plotted against the individual's BMI (*n* = 29). *D*: Positive correlation between MAGP1 expression in WAT and obesity is confirmed in mice (*top*) MAGP1 (*Mfap2*), not MAGP2 (*Mfap5*) or fibrillin-1 (*Fbn1*), correlates with obesity in mice. Transcripts were measured in WAT of mice fed standard chow diet (chow) or HFD. Data were plotted as the mean ± SEM of HFD WAT expression relative to chow WAT expression (*n* = 5 and 5). *D*, *Bottom*: Immunohistochemistry with anti-MAGP1 antibody of WAT from WT mice fed control chow and HFD. *E*: Proposed model for the mechanism by which MAGP1 regulates energy expenditure in mice. MAGP1 is a sink for TGF-β thereby, supporting lipid catabolism and thermogenesis. When active TGF-β concentration becomes excessive (i.e., MAGP1 saturation or MAGP1 deficiency), free TGF-β reduces PPAR and PRDM-16 coactivation of PGC-1α, which in turn prevents activation of UCP-1 transcription and, thus, thermogenesis. The imbalance of TGF-β and MAGP1 not only leads to reduced thermogenesis but also to excess lipid accumulation and fibrosis/inflammation, and eventually to features of metabolic syndrome. RU, relative units; hWAT, human WAT. \**P* ≤ 0.05.](1920fig7){#F7}

Collectively, the data in this manuscript demonstrate that MAGP1 supports energy expenditure by impeding TGF-β activity, excess fat accumulation is associated with increased expression of both TGF-β1 and MAGP1, and the absence of MAGP1 causes predisposition to obesity-associated metabolic dysfunction. Therefore, altered MAGP1 expression could be considered a protective-adaptive response to obesity.

Discussion {#s19}
==========

The adipose ECM provides a structural scaffold that defines the limits of tissue growth. Changing the physical properties of the ECM has functional consequences; fibrotic ECM restricts adipocyte expansion and function ([@B33]), while decreasing ECM rigidity results in a permissive environment that supports adipose tissue expansion ([@B34]--[@B36]). In this report, we demonstrated that ECM components contribute more than mechanical properties to adipose tissue, and identified a mechanism by which the ECM influences cellular processes involved in energy expenditure by restricting growth factor delivery. Specifically, we demonstrated that the microfibril-associated protein MAGP1 is involved in regulating thermogenesis and the browning of white adipocytes through a TGF-β--mediated pathway. Accordingly, these data provide evidence of a novel mechanism for regulating energy metabolism by ECM proteins in the adipose tissue microenvironment. Further, our findings suggest that induction of WAT MAGP1 expression is an adaptive response that protects against excess TGF-β associated with obesity.

Elevated TGF-β levels correlate with obesity in humans and mice ([@B17],[@B19]), and suggest a mechanistic link between MAGP1 and metabolism. A study by Yadav et al. ([@B19]) demonstrated that, in mice, downregulation of the TGF-β signaling pathway through deletion of a TGF-β signaling mediator, Smad3, resulted in a phenotype nearly opposite to that of the *Mfap2*^−^*^/^*^−^ mouse. Smad3 knock-out mice are lean, have improved glucose metabolism, and are protected from diet-induced obesity, and thermogenesis is improved. They also found that systemic blockade of TGF-β signaling protects mice from obesity, diabetes, and hepatic steatosis. MAGP1 binds active TGF-β and controls its bioavailability through sequestration in the ECM. In the absence of MAGP1, there is less sequestered and, hence, more active TGF-β. The mechanistic pathway whereby elevated TGF-β signaling associated with MAGP1 deficiency influences energy metabolism is through reduced energy dissipation and transcriptional regulation of PGC-1α and UCP-1. TGF-β--induced Smad phosphorylation allows Smad to bind to and inhibit PRDM-16 function. PRDM-16 is a transcription coregulator that is essential to BAT development and drives expression PGC-1α, which is a transcription coregulator of itself and the thermogenic gene *Ucp-1*. Smad also inhibits the function of peroxisome proliferator--activated receptor (PPAR) β/δ. PPARβ/δ supports energy dissipation through FA oxidation and PGC-1α expression. The metabolic phenotypes found in *Mfap2*^−/−^ mice are supportive of excess TGF-β signaling. *Mfap2*^−/−^ mice have increased Smad phosphorylation, impaired transcription of both PGC-1α and UCP-1, and reduced energy expenditure (thermogenesis). These changes contribute to an accumulation of body fat mass, adipose tissue inflammation, ectopic lipid accumulation, and predisposition to metabolic dysfunction.

Several studies have associated obesity traits in humans to a locus around chromosome 1p36 that includes the gene *MFAP2* ([@B13]--[@B15]). In a study of human WAT from normal weight, overweight, and obese individuals, we found MAGP1 levels to be elevated in the WAT from individuals with BMI values \>25 kg/m^2^. While it remains to be determined in humans what role the increase in MAGP1 plays in obesity-associated metabolic dysfunction, we demonstrate in this report that the inability to increase MAGP1 expression during diet-induced obesity results in exacerbated metabolic disease in mice, suggesting that the modulation of MAGP1 expression is a protective-adaptive response to metabolic challenge. [Figure 7*E*](#F7){ref-type="fig"} is a graphic representation of the proposed function of MAGP1. In adipose tissue, MAGP1 supports the sequestration of active TGF-β in the ECM. The capacity of MAGP1 to limit free TGF-β facilitates homeothermy and adaptive thermogenesis by allowing the transcription of *Ppargc1α* (PGC-1α) and *Ucp-1*. In pathologic conditions where TGF-β secretion is excessive, such as obesity, we hypothesize that MAGP1 expression is induced as a protective-adaptive response to sequester excess active TGF-β, thereby facilitating energy dissipation and protecting against inflammation and fibrosis.

Exemplifying the distinct functions of the ECM (mechanical vs. cell signaling) is the change in adiposity associated with Marfan syndrome (fibrillin-1 mutation). Marfan syndrome has been attributed to the disrupted assembly of microfibrils, and subsequently to the inability to sequester the latent TGF-β complex ([@B8],[@B32]). Given the positive effect of TGF-β on adipocyte hypertrophy and the negative effect on thermoregulation, it would be expected that individuals with Marfan syndrome would be predisposed to obesity and diabetes, similar to *Mfap2*^−/−^ mice. However, most individuals with Marfan syndrome have reduced adiposity ([@B32],[@B37],[@B38]). It is somewhat surprising that mutations in two proteins of the same extracellular fiber can result in such contrasting phenotypes. However, MAGP1 is not a structural protein of the microfibril but a modifier of fibrillin function. The MAGP1 deletion leaves the core microfibril intact. In contrast, mutation of fibrillin, the structural backbone of microfibrils, can disrupt the mechanical integrity of microfibrils and thus alter the physical properties of the adipose ECM. It is plausible that individuals with mutant fibrillin-1 have adipose ECM that constrains adipocyte growth, resulting in smaller adipocytes.

In summary, this study demonstrates that the ECM component MAGP1 has the capacity to regulate growth factor availability that is important for maintaining normal metabolic function, and provides further support for the role of TGF-β in the etiology of obesity-associated metabolic disease. Our results also highlight the contribution that accessory proteins, like MAGP1, provide to overall microfibril function and tissue homeostasis.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1604/-/DC1>.

See accompanying article, p. 1858.
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